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Preface to the Series 

The RIKEN BNL Research Center (RBRC) was established in April 1997 
at Brookhaven National Laboratory. It is funded by the "Rikagaku 
Kenkyusho" (RIKEN, The Institute of Physical and Chemical Research) of 
Japan. The Center is dedicated to the study of strong interactions, including 
spin physics, lattice QCD, and RHIC physics through the nurturing of a new 
generation of young physicists. 

During the first year, the Center had only a Theory Group. In the second 
year, an Experimental Group was also established at the Center. At present, 
there are seven Fellows and seven Research Associates in these two groups. 
During the third year, we started a new Tenure Track Strong Interaction 
Theory RHIC Physics Fellow Program, with six positions in the first academic 
year, 1999-2000. This program had increased to include ten theorists and one 
experimentalist in academic year, 2001-2002. With recent graduations, the 
program presently has eight theorists and two experimentalists. Beginning last 
year a new RIKEN Spin Program (RSP) category was implemented at RBRC, 
presently comprising four RSP Researchers and five RSP Research Associates. 
In addition, RBRC has four RBRC Young Researchers. 

The Center also has an active workshop program on strong interaction 
physics with each workshop focused on a specific physics problem. Each 
workshop speaker is encouraged to select a few of the most important 
transparencies from his or her presentation, accompanied by a page ,of 
explanation. This material is collected at the end of the workshop by the 
organizer to form proceedings, which can therefore be available within a short 
time. To date there are fifty-one proceeding volumes available. 

The construction of a 0.6 teraflops parallel processor, dedicated to lattice 
QCD, begun at the Center on February 19,1998, was completed on August 28, 
1998. A 10 teraflops QCDOC computer in under development and expected to 
be completed in JFY 2003. 

T. D. Lee 
November 22,2002 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886. 
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THEORY STUDIES FOR POLARIZED p p  
SCATTERING 

- INTRODUCTION AND OVERVIEW - 

In the past two runs of RHIC, the first measurements with polarized proton beams have 
been performed. For many years to come, the RHIC spin program will offer exciting 
physics, exploring QCD and the nucleon in new ways. 

The aim of this small workshop was to attract several spin theorists to the center for about 
two weeks, in order to collaborate with both experimentalists and theorists at RBRC, and 
to initiate and/or complete studies of relevance to RHIC spin. 

A major focus of polarized-pp measu'lements at RHIC is on measuring the spin-dependent 
gluon density, Ag. A channel for accessing Ag is high-pir pion production. The unpolar- 
ized cross section for this reaction has been measured by PHENIX and was found in good 
agreement with a perturbative-QCD based (NLO) calculation. It was a remarkable and 
exciting coincidence that PHENIX presented also the first results for the spin asymmetry 
for $@-+ noX during this workshop. This sparked a lot of additional activity and discus- 
sion. First steps toward the interpretation of the data were taken. Marco Stratmann and 
Barbara Jager (Regensburg University) presented recent work on the NLO calculation 
of the polarized cross section and the spin asymmetry, setting the stage for future full 
analysis of the data in terms of Ag. Applications to $!scattering, very relevant to eRHIC, 
were also worked out and published during this workshop. Stratmann also discussed the 
procedure of NLO calculations for the case of transverse polarization in pp scattering. 

In the future, RHIC will provide information on the precise flavor structure of the quark 
polarizations in the nucleon, through parity violation in W-boson production. Our cur- 
rent knowledge on the flavor separation comes so far from semi-inclusive deeply-inelastic 
scattering performed by SMC and HERMES. The information gathered there is already 
quite interesting, even though the systematic uncertainties are particularly large, as Elliot 
Leader (Imperial College) pointed out. He critically reviewed the interpretation of the 
data in terms of the polarized quark and antiquark distributions. 

Jacques Soffer (CPT Marseille) gave an overview on positivity constraints for spin asym- 
metries and other spin observables. This is of great usefulness for estimating spin effects 
at RHIC. He also presented recent work on a statistical model for parton distribution 
functions, leading to predictions that will be testable at RHIC. 

Asmita Mukherjee (Dortmund University) presented her work on generalized parton dis- 
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tribution functions and deeply-virtual Compton scattering. Use of light-front QCD allows 
for a systematic approach also to power-suppressed contributions. During the workshop 
she also continued ongoing work with Stratmann on NLO calculations to $6 + .i.roX- with 
transversely polarized protons. 

The workshop has been a great success. Significant advances have been made. We are 
grateful to  all participants for coming to the Center, and for their dedicated efforts relating 
to RHIC-Spin. As always, the level of support provided by Prof. T.D. Lee and his RIKEN- 
BNL Research Center for this workshop has been magnificent, and we are very grateful for 
it. We also thank Brookhaven National Laboratory and the U.S. Department of Energy 
for providing the facilities to hold this workshop. Finally, sincere thanks go to  Pamela 
Esposito for her invaluable help in organizing and running the workshop. 

Stefan Kretzer and Werner Vogelsang 
RBRC, September 2003 
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ALL in Pion Production at RHIC and eRHIC2 

Bar bar a J ager 

Institut fur Theoretische Physik, Universitnt Regensburg, 0-43040 Regensburg, Germany 

We present a calculation for single-inclusive large-pT pion production in col- 
lisions of longitudinally polarized protons in next-to-leading order QCD. We 
choose an approach where fully analytical expressions for the underlying par- 
tonic hard-scattering cross sections are obtained. We simultaneously rederive 
the corresponding corrections to unpolarized scattering and confirm the results 
existing in the literature. Our results allow the calculation of the double-spin 
asymmetry ALL for this process at next-to-leading order, which is used at BNL- 
RHIC to measure the polarization of gluons in the nucleon. 

In the second part of the talk a complete next-to-leading order QCD cal- 
culation is shown for single-inclusive large-pT hadron production in longitu- 
dinally polarized lepton-nucleon collisions, consistently including “direct” and 
‘(resolved)) photon contributions. This process could be studied experimentally 
at a future polarized lepton-proton collider like eRHIC at BNL. We examine 
the sensitivity of such measurements to the so far completely unknown parton 
content of circularly polarized photons. 

I .  

lin collaboration with A. Schafer, M. Stratmann, and W. Vogelsang [Phys. Rev. D67 (20031, 0540051 
2in collaboration with M. Stratmann and W. Vogelsang [hep-ph/0309051] 

. .  
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CAN THE POLARIZATION OF THE STRANGE QUARK BE POSITIVE? 
AND 

WHY DOES IT MATTER? 

Elliot Leader 
Imperial College London 

The HERMES analysis of their SIDIS data suggests a strange quark polarization 
marginally positive for medium values of Bjorken-x, whereas all previous analyses of 
INCLUSIVE DIS have found a strange quark polarization significantly negative. 

We argue that it is “almost impossible” for the first moment of the strange quark 
polarized density to be positive. And we explain why the resolution of this question is so 
crucial. 
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Generalized Parton Distributions 

in Light-front QCD 

Introduction 

Light-front Hamiltonian 
general aspects 

Twist two GPDs 

Twist three GPDs 

Wa ndzu ra-Wilczek 

QCD : Motivation and 

re1 a t  i o n 

Quark mass effect and genuine twist three 

Summary and discussions 

In collaboration with M. Vanderhaeghen 
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Generalized Parton Distributions in Light-Front QCD 

A. Multherjee” 

a Theoretische Physik IV, Universitat Dortmund, D 44221 Germany 

Abstract 
We investigate the twist-two and twist-three generalized parton distributions in light-front Hamil- 

tonian QCD for a massive dressed quark target. Working in the kinematical region [ < IC < 1, 

we obtain the splitting functions for the evolutions of twist-two quark and gluon distributions in 

a straightforward way. We discuss the helicity sum rule for a dressed quark. For the twist-three 

distribution, we find that all contributions are proportional to the quark mass and thus the twist- 

three distribution is directly related to the chiral symmetry breaking dynamics in light-front QCD. 

We also show that the off-forward Wandzura-Wilczek relation is violated in perturbative QCD for 

a massive dressed quarkwe calculate the quark mass correction to the WW relation in the off- 

forward case and show that it is related to hl(lc) in the forward limit. We extract the ’genuine 

twist three’ part of the matrix element in the forward case and verify the Burkhardt-Cottingham 

and Efrernov-Leader-Teryaev sum rules. 

.. . 
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for using Li 

8 Wave function representation of  relativistic bound 
states : problems due t o  quantum fluctuations and 
Lorentz boost t o  another frame. 

Light-front : boost generators are kinematical, 
quantum fluctuations : absent. 

Hadrons are expressed in terms of  boost invariant 
mu Itiparton wave functions. 

A 'field theoretic parton model : the partons are 
massive, on-mass-shell, interacting, have non-zero trans- 
verse momenta. 

. 

In light-front gauge, constrained fields are removed. 
Dynamical fields + fermion field and the transverse 
gluon field. 

Unitarity is manifest. 

31 



t ight- f ront  

Hadronic bound states can be expressed in terms of  
Fock space components 

The states obey the bound state equation 

Hadron wave functions do not depend on proton mo- 
mentum p+, P ~ .  

Restrict oneself t o  fixed-particle sector (boost invari- 
ance). 
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GeneraIi 

Universal non-perturbative objects that enter ~n the 
description o f  hard exclusive electroproduction pro- 
cesses. 

Contain a wealth of  new informations on the nucleon 
structure. 

GPDs : inbetween form factors and parton distribu- 
tions. 

Form factors + off-forward matrix elements of  light- 
cone local operators. 

Parton distributions +- forward matrix elements of  light- 
cone bilocal operators. 

G P D  s + off-forward matrix elements of  light-front 
bilocal operators. 

Moments of GPDs over parton momentum fraction 
x : Form factors. 

Forward limit : parton distributions. 

Extensive theoretical studies; being probed in on- 
going experiments + HERMES, Hl/ZEUS, JLab and 
Compass. 

I 
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PDs in Light-front 

momentum transfer Ap = P I P  - P? pi - P P + P ' P  - 
2 l  

- a+ Skewedness s - -- 2P+ * 

Without any loss of  generality, we take > 0 .  

U x ( P )  is the fermion spinor in light-front representa- 
tion. 

34 



Jacobi momenta X i ,  qi 1 .  , 

Light-front wave functions, $1 = 41, $2 = 42dP-k 

f iz 

1 + x 2  Q2 1--E 

I$i l 2  = 1 --%)/ dx log- 
27T € 1 - x  P2 

$2 related t o  $Q through light-front QCD Hamiltonian; 

qJ- + a l * q  I -1 
o 

1 - x  X 
XtT, [2 
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Using normalization of  the state and the relation be- 
tween the light-cone wave functions 

Splitting function: 

1 + z2 - 2 5 2  

cf(l - z)+(1- 5 2 ) ’  

Forward limit : 

R(z ,o ,o)  = -[6(1- 1 ’  z) + “ “ c f z o g q 3 6 ( 1  - 2 )  
2 27r P2 2 

Used light-front quark spinors. 

Helicity flip terms ++ suppressed contributions. 



Lig ht-front helicity operator expressed in terms of  dy- 
namical fields in light front gauge has the same form 
as in the free theory. 

J 3  = J;i + J;o + Jg”i + Ji0,  

J;o = S d x - d  2 1 + t  x + i(x 1 2  d - x 2 1  a )++, 

dx-d 2 1  x [x  1 (d+A1d2A2 ‘S 2 
- 

Jg”0 - 

+d+A2d 2 2  A ) - ~ ~ ( d + A ’ d l A ~  + a f A 2 d 1 A 2 ) ] ,  

= 1 - a, -cflog-- Q2 4 
27-r P2 3 

l1 dZZHq(Z, 0 , O )  

a, Q2 4 - - -Cf log-- 
2T P2 3 

i1 dZZH,(Z, 0 , O )  
n n 

i 37 
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Investig a t  i n wist-th 

Light-front gauge A+ = 0. 
strained field : 

Operator involves con- 

In terms of the dynamical fields: 

‘ 1  o1 -0 

id+ id+ 
0; = md-@ + m(-@t)@. 

09’ = 2- 1 x-  

2 id+ 2 
g@t(--)-(iA2 + o3A1)@(-) 

1 a>t(--)(-iA2 x-  + o3A1)] @(-). x- 
2 2 
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Contributions t o  the matr 
dependent part 

x e  ement ([ < X < 1): Mass 

1 d2qL + 

Tra nsverse mom en t u m depend en t part 

39 



Using the expression of $2 

m 1 Q2 a s  F& = -- Cf  log-- P+ 2/1-Ez p2 27T 
(1 - z)(z2 + t2 + 237E2) 

(9 - p)(1 - p) 
i t 

S ( 1 -  37) 
Q 2 a s  m 1 

p227T2P d c - p  -+ F; = cflog-- 

Total contribution : 

, 1 + 22(1- S 2 )  - z2\1 
(1 - 37)+(1- p)  A' I 

All terms proportional t o  m. 

o Used normalization of state.  

No singularity a t  37 = [. 

A. Mukherjee, M. Va'nderhaeghen, PRD 67, 085020 (2003).  
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Discussed GPDs in terms of  overlaps of  light-cone 
wave functions in light-front gauge. 

6 Tool t o  investigate higher twist : operator interac- 
tion dependent. 

Interrelations between difrerent Fock components of  
light-cone wave function. 

Simpler state : dressed quark/gluon in perturbation 
theory. 

Twist-three off-forward matrix element : contribu- 
tions due t o  quark mass, quark transverse momentum 
and quark-gluon interaction are explicitly calculated. 

Quark mass : important. 

Q Studied WW relation in the off-forward case and the 
'genuine twist three' contribution. 
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STATISTICAL APPROACH TO PARTON DISTRIBUTIONS AND BARYON 

FRAGMENTATION FUNCTIONS 

Jacques SOFFER' 

Centre de Physique Thkorique 

CNRS Luminy Case 907 

13288 Marseille Cedex 09 France 

Abstract 

A global next-to-leading order QCD analysis of unpolarized and polarized structure func- 

tions, extrated from deep-inelastic scattering data, is performed with parton distributions con- 

structed in a statistical physical picture of the nucleon. The chiral properties of perturbative 

QCD imply strong relations between quarks and antiquarks distributions of a given flavor, which 

are characteristic of this statistical approach. It leads naturally to the Pauli exclusion principle, 

whose importance is also emphasized, namely J(z, Q2)  > U(z,  Q 2 ) ,  which results from the fact 

that the proton contains two u quarks and only one d quark. We obtain a good description, in 

a broad range of z and Q2, of all measured structure functions, F , T n ( z , Q 2 ) ,  z F l N ( z , Q 2 )  and 

g:7d'n(z, Q 2 )  in terms of a rather small number of free parameters. Forthcoming experiments at 

RHIC-BNL, in particular p p  + W A ,  are sensitive tests of the statistical model for the behavior 

of the l ( z ) / U ( z )  ratio for z 2 0.2 and for the magnitude and sign of Aii(z) and Ad(%). We 

expect Aii(z) > 0, AJ(x) < 0 and Aii(z> - AJ(z) N J(z) - U(z).  This new set of parton distri- 

butions is also used to make predictions for the charged current structure functions measured at 

HERA by the H1 and ZEUS Collaborations and also for comparing with very recent RHI-BNL 

cross section data on 7ro inclusive production from the STAR and PHENIX Collaborations. 

Finally, we discuss briefly the extension of this framework to the description of the unpolarized 

fragmentation functions of the octet baryons, using semi-inclusive deep inelastic scattering and 

&e- collisions data, which allows some flavor separation. 

'Email: sofferOcpt.univ-mrs.fr 

__ 
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Polarized Distributions 

Quarks: 

. .  . .  

. .  . .  . . . .  . .  . . .  . 
. .  

. . .  

note: 
The temperature ii is identical for quarks, antiquarks and gluons. 

lVa,lues marked with an asterisk are free parameters of the model. The input scale is 
= 4G-eiJ2, and = 300MeV. The evolution is performed at NLO. 
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P 

. . .  

Antiquarks 
The density functions are given by: 

- 
(17) 

X6 A X 6  + A 
XG expf(z + X&)./Z] + 1 exp[g] + I xd-(s) = - * 

A = 1.30801 
- 
b = 2b = 0.81324 

Gluon 

AG = 14.27535 
bG = 1+L=O.74653 

zAG(x) = 0 at Qi = 4GeV2 

Charm 

(20) 

(23) 

. .  . . .  
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Figure 7: Spin components of quark parton densities . 
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Figure 8: Spin components of antiquark parton densikies 
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Figure 20: FZp(z, Q2) as function of Q2 for fixed z, c(z) = 0.6(i, - 0.4): i, = 
1 + z = 0.32, rebinned data H l j  ZEUS, E665, NMC, BCDMS. (Courtesy of 
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Figure 17: Theoretical calculations for the ratio Rw(y, Ad&) versus thie W rapidity, 
at two RHIC-BNL 'es. Solid curve ($ = 5OOGeV) and dashed curve (& = 
2OOGeV) are the statisticd model predictions. Dotted curve (& = 5@@6eV) and 
dashed-dotted curve (& = 2OOGeV) are the ictions obtained using the g( ~ ) / a (  s) 
ratio from Ref. [ 
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THE RELEVANCE OF POSITIVITY IN. SPIN PHYSICS 

Jacques SOFFER'  

Centre de Physique Tli6orique 

CNRS Luminy Case 907 

13288 Marseille Cedex 09 France 

Abstract  

We will emphasize the importance of positCuity in spin physics, which allows to derive non- 

trivial model independent constraints on spin observables. These positivity conditions are based 

on the positivity properties of density matrix or Schwarz inequalities for transition matrix ele- 

ments in processes involving at least two particles carrying a non-zero spin. We will illustrate 

this important point by means of several examples chosen in different areas of particle physics, 

in particular: 

- Total cross sections in pure spin states 

- Two-body exclusive reactions 

- Polarized deep inehstic scattering 

- Quark transversity distributions 

- Off-shell gluon distributions 

- Transverse momentum dependent distributions 

- Single-particle inclusive reactions 

- Polarized fragmentation functions 

- Off-forward parton distributions 

'E-mail: sofferOcpt.univ-rnr.s.fr 
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BNL spin discussion 

ATT in NL - a s t  or 

Univ. of  Regensburg ' 

work done in collaboration with 
and 
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A T T  in NLO - a status report1 

Marco Stratmann 

Institut fur Theoretische Physik, Universitat Regensburg, 0-93040 Regensburg, Germany 

We present a next-to-leading order QCD calculation of the cross section for iso- 
lated large-pT prompt photon production in collisions of transversely polarized 
protons. We devise a simple method of dealing with the phase space integrals 
in dimensional regularization in the presence of the cos( 2@) azimuthal-angular 
dependence occurring for transverse polarization. Our results allow to calcu- 
late the double-spin asymmetry A;T for this process at next-to-leading order 
accuracy, which may be used at BNL-RHIC t o  measure the transversity parton 
distributions of the proton. 

lwork done in collaboration with A. Mukherjee a.nd W. Vogelsang [Phys. Rev. D67 (2003), 114006] 
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1 ATT at RHIC/ 

ATT = 

, I 

X'  
\' 

P 

on the menu: 

Drell-Yan process alston, Soper; Ji 

Cartes, Pire, Ralston; Ar-tru, Mekhfi ;  Ja-ffe, Ji 

most  suited process: no gluons in LO 

. NLO study: meas. suffers from limited ,u& acceptance 
nevertheless, appears feasible 

Mart in, §chafer, , Vogelsang 

~ 

high-pT prompt photons, hadrons, jets 

I ATT small due t o  absence of g 7 - 7 -  g and 4 t t  g processes 

- sizable rates -+ statistics sufficient . .  even if ATT small 
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LO results assuming &q(x,pO) = 2 [q(x ,po)  + ~ q ( x , p o ) ]  

f fe r , I ogelsan 

0.02 

A? 

0.01 

0 

p p  T T  - + j e t X  

T A  

500 GeV 

& I :  
I 1  

j 1 500GeV,800pb-’ 

; f 200 GeV, 320 pb-’ 
0 -  

, I , , I I I , ,  , 1 I ,  8 I v I 1  

0.02 

A h  

0.01 

0 

-0.01 

T T  P P  +YX 

200 GeV 

500 GeV 

1 

f 500 GeV, 800 pb-’ 

f 200 GeV, 320 pb-’ 

pTrGeV1 30 
0 20 40 60 80 100 0 10 20 

pTLGeV1 

however, N L O  QCD corrections are in general a must: 

(scale dependence, . . .  ) 

further motivation for NLO: “technical challenge” 

general paucity of NLO calculations with transverse spin 

(until recently: NLO only for incl. DY and evol. kernels) 

provide and apply a feasible technique 



Why transverse spin is more complicated to handle: 

long. polarization: spin aligned with momentum J 

trans. polarization: spin = extra spatial direction 

H non-trivial azimuthal dep. 

1 Y z 

d3S0 
always of  the form 

d P T d q d 0  

-+ 6 integration not appropriate 

but standard NLO techniques rely on integrations over 

fu / /  azimuthal phase space plus use of  particular 

reference frame n 

z difficult t o  deal with azimuthal angle 

(in particular, in d = 4 - 2~ dimensions) 



recent progress: 

corrections t o  p r T  p + Y X  1 
els 

key point: 4-dep. always results from G variant expression 

= cos(24) in hadronic c.m.s. 

z use F t o  project out @ covariantly 

LO example: 44- yg 

project wi th  F: 

t e rms  involving p,  s a ,  p ,  can be integrated “covariantly” 
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(1) multiply any 61M 

(2 )  integrate al l  resu 

for example: 

easily generalized t o  NLO calculation in d dimensions: 

with F ( p y , s a , s b )  

ting scalar products with Sa$ 

[UP to (3(41 

r 

(3) arrive a t  a structure similar to  an unpol. 1 ~ 1 ~  

(4) employ standard techniques for phase space inLegr. 

(5) restore dependence afterwards 

remarks: 

0 cancellation of divergencies proceeds as usual 
+ ar  talk 

a t  colliders, impose “isolation cut” on photon: 

ty  pica I I y, d em a n d 

for isolation with E cc ( r /R)2  one can eliminate 
the fragmentation component altogether rixi 
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results for p T I - -  p +yX: 

- - - - - 1 
I I I I 

I I 
I I 1 I I 1 I I I 1 

I I I 1 I 1 1 - - 

improved scale dependence 

reasonable “K-factors” 

I I I I 1 I I I I I I I I I 
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A. Mukherjee, 
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results for AT+ 

0.02 I I I I I 1 I 1 I I I I I I I 

0.01 

0 

-0.01 
0 10 

u k h erjee 

work in progress: 

half-way through with p T T  p - + n X  

p 7 - T -  p -+ j e t X  . . .  future: 
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